Abstract This investigation evaluated the utility of a physiologically based pharmacokinetic (PBPK) model, which incorporates model parameters representing key determinants of monoclonal antibody (mAb) target-mediated disposition, to predict, a priori, mAb disposition in plasma and in tissues, including tumors that express target antigens. Monte Carlo simulation techniques were employed to predict the disposition of two mAbs, 8C2 (as a non-binding control mouse IgG1 mAb) and T84.66 (a high-affinity murine IgG1 anti-carcinoembryonic antigen mAb), in mice bearing no tumors, or bearing colorectal HT29 or LS174T xenografts. Model parameters were obtained or derived from the literature.
Introduction
Due to their selectivity and specificity, many monoclonal antibodies (mAbs) have been developed and evaluated for utility in treating cancer. Several anti-cancer mAbs have reached the market, including antibodies directed against soluble ligands associated with tumor growth (e.g., bevacizumab), antibodies directed against cell-surface proteins associated with hematological tumors (e.g., rituximab), and antibodies with affinity for cell surface proteins associated with solid tumors (e.g., trastuzumab, cetuximab and panitumumab) [1] . In addition to the mAbs that are in current clinical use, several anti-cancer mAbs are in various stages of clinical testing [2] .
Antibodies targeting solid tumors must overcome a range of well-known hurdles, including: (a) heterogeneous vascularization and blood perfusion [3] ; (b) inefficient lymphatic drainage, which leads to elevated hydrostatic pressure in the tumor interstitium and, thus, limits the rate of convective transport of antibodies into tumors [3, 4] ; (c) the ''binding site barrier'', where high affinity antibody binding to tumor antigens concentrates antibody in tumors to regions close to the site of antibody extravasation from tumor capillaries [5] [6] [7] [8] ; (d) nonspecific binding to proteins within the tumor milieu [3, 9] ; and (e) rapid target-mediated mAb elimination within tumors, which acts as a sink that minimizes mAb concentrations in tumor interstitial fluids [10, 11] .
Target-mediated disposition (TMD) of antibody may lead to a particularly dramatic effect on mAb concentrations within tumors. The influence of TMD on mAb disposition is a function of dose, the antigen expression level, Fig. 1 Schematic diagram of the PBPK model of mAb disposition. a System Model: The plasma and lymphatic flow to and from each organ are presented by solid and dashed arrows. Each tissue within this model is divided into vascular, endosomal and interstitial subcompartments. b Organ Model: Q i and L i are the plasma and lymph flow rates, R1 is the endosomal uptake and recycling rate constant for IgG, FR is the fraction of recycled antibody that is transported to the vascular compartment. The vascular and lymph reflection coefficients are r i V and r i L ; K d
FcRn is IgG-FcRn equilibrium dissociation constant. CL i represents the rate of organ specific clearance of unbound IgG, and fu i is the unbound fraction of IgG within the endosomal compartment. To allow for anti-cancer antibody interaction with cellular antigens, an additional cellular sub-compartment was assumed for tumor. c Tumor model: The model assumes equilibrium binding kinetics between T84.66 in the interstitial space and cellular CEA. The fraction of IgG not bound to CEA is fu tumor IS,cell , and the T84.66-CEA complex degrades irreversibly by the internalization rate constant, k int . The total T84.66 concentration in each tissue was based on the sum of the total antibody amount in each subcompartment and divided by the weight of each organ. For the tumor compartment, the total tumor weight increased as a function of time, based on the growth rate of the tumor rates of antigen ''shedding'', rates of antigen internalization and turnover, rates of antibody extravasation and transport within tumors, and rates of antibody-target association and dissociation [5, 6, [12] [13] [14] [15] [16] [17] [18] . Given the complex nature of antibody disposition in tumors, prediction of antibody uptake and tumor distribution has been an elusive goal.
Few mathematical models have been developed to characterize or predict the tumor disposition kinetics of antibodies or antibody fragments [5, 13, 19] . However, there is growing interest in physiologically based pharmacokinetic (PBPK) models of mAb disposition, and mechanistic PBPK models may be well-suited for incorporation of mAb-and target-specific parameters to facilitate efforts to predict tumor distribution, including the disposition of mAb exhibiting TMD [20] [21] [22] [23] [24] [25] [26] . For example, PBPK models of IgG organ and tissue disposition [22] have been extended to characterize the influence of tumorassociated target-mediated mAb elimination on the plasma, tissue, and tumor disposition of a monoclonal anti-carcinoembryonic antigen antibody, T84.66 [23] . However, the predictive utility of this PBPK model, with modulation of known determinants of mAb disposition, has not been thoroughly evaluated.
The main objectives of this study were: (i) to investigate the impact of target antigen expression level and antibody specificity on the plasma, tissue and tumor disposition of mAb in tumor-bearing SCID mice, (ii) to incorporate information from the literature regarding antibody-target binding, target expression, and target-mediated antibody catabolism, to predict the plasma, tissue, and tumor disposition of mAb, with or without specific tumor binding, in tumor bearing-SCID mouse models, and (iii) to evaluate the PBPK model predictions by comparison with the experimental data.
Materials and methods
Antibodies, cells and reagents T84.66, a murine anti-carcinoembryonic antigen IgG1 mAb (anti-CEA) and 8C2, a murine anti-topotecan IgG1 mAb, were used as model antibodies with high affinity (T84.66) or with no specific affinity (8C2) for tumor antigens. T84.66 was produced from the culture of hybridoma cells (HB-8747, ATCC, Manassas, VA), as described previously [23] . 8C2 was produced and purified following established methods [27] . Two CEA-expressing human colorectal adenocarcinoma cell lines, LS174T (CL-188, ATCC) and HT29 (HB-8747, ATCC), were employed for this work. LS174T human colon cancer cells were cultured in Minimum Essential Medium (Invitrogen, Grand Island, NY) supplemented with 10 % fetal bovine serum (Invitrogen) and 1 % penicillin-streptomycin (Invitrogen). HT29 human colon cancer cells were cultured in McCoy's 5a modified medium (ATCC), supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin. Sodium iodide (Na 125 I) was obtained from Perkin Elmer Life & Analytical Sciences (Waltham, MA). Trichloroacetic acid (TCA) was obtained from Sigma Life Science (St. Louis, MO), and Potassium iodide (KI) was from Fisher Scientific (Pittsburgh, PA). Phosphate-buffered saline (PBS) was obtained from Invitrogen.
Animals
Male severe compromised immune-deficient (SCID) mice (C.B-17/IcrHsd-Prkdc SCID ), 4-5 weeks of age, were purchased from Harlan (Indianapolis, IN). The mice were housed individually in autoclaved filter-top cages under sterile conditions, and maintained on a 12-h light/12-h dark cycle. Mice were fed autoclaved laboratory animal chow and water ad libitum. All animal experiments were approved by the Institutional Animal Use and Care Committee of the University at Buffalo, The State University of New York.
Development of xenograft models
Suspensions of LS174T cells (*2.0 9 10 6 cells/mouse) or HT29 cells (*5.0 9 10 6 cells/mouse) in sterile PBS were injected subcutaneously into the left flank of SCID mice, and tumor growth was monitored. LS174T cells have been shown to exhibit high expression of CEA, whereas HT29 cells exhibit low-level expression of CEA. IgG was injected when tumor size reached 200-300 mm 3 as measured ) [39, 40] Tumor vasculature reflection coefficient (sigma) r v tumor -0.734 (0.189) [20, 23, 44] J Pharmacokinet Pharmacodyn (2012) 39:683-710 685 using a Vernier caliper. Starting 2 days prior to injection of 125 I-IgG, mice were kept on KI-autoclaved water (0.2 g/l) to block the thyroidal uptake of free iodine.
Iodination of IgG
IgG was labeled with 125 I using a modified chloramine-T method, as described previously [22] . The purity of the iodinated IgG was assessed using thin layer chromatography (PE SiL-G, Whatman Ltd., Kent, England). For all in vivo experiments, the purity of the iodinated preparation was higher than 99 %.
Pharmacokinetic studies
Anti-CEA mAb (T84.66) pharmacokinetics T84.66 pharmacokinetics were assessed in: (i) LS174T xenograft-bearing SCID mice, (ii) in HT29-xenograft bearing SCID mice, (iii) in non-tumor bearing (control) SCID mice. All groups of mice received T84.66 at dose levels of 1, 10 and 25 mg/kg. Additionally, T84.66 pharmacokinetics in HT29 xenograft-bearing mice were also investigated at 0.025 and 0.1 mg/kg. In all studies, mAbs were injected intravenously with a tracer dose (10 lCi/ mouse) of 125 I-labeled mAb (400 lCi/kg, *0.03 Ci/mg specific activity of 125 I-T84.66 solution). The tracer comprised less than 1 % of the total T84.66 injected dose at the 1, 10, and 25 mg/kg dose levels. For dosing of 0.025 and 0.1 mg/kg, the dosing solution was prepared with a specific activity of 0.0862 Ci/mg, and 10 lCi of 125 I-T84.66 corresponded to 28.5 or 5.98 % of the total injected dose.
8C2 pharmacokinetics
8C2 pharmacokinetics were investigated in LS174T xenograft-bearing SCID mice at 1 and 25 mg/kg. When tumor size reached 200-300 mm 3 , 8C2 was injected intravenously in mice at the predetermined dose, with a tracer amount of 125 I-8C2 (10 lCi/mouse). The amount of mAb in the tracer dose was less than *1 % of the total injected dose.
Assessment of antibody concentration in plasma, tissue, and tumor samples Blood and other tissues were harvested from sub-groups of mice, at predetermined points, up to 10 days after dosing. For T84.66 pharmacokinetic studies in HT-29 tumor bearing mice, three mice were sacrificed at each time-point in the terminal portion of the time-course (i.e., at 4, 7 and 10 days), while 1-3 mice were sacrificed at earlier time points (1 h-1 day). For all other PK studies, three mice were sacrificed, from each treatment group, at each time point. Plasma samples were separated and TCA-precipitated as described previously [28] . Radioactivity was counted using a gamma counter (LKB Wallac 1272, Wallac, Turku, Finland). Radioactive counts from TCAprecipitated tissue and plasma samples were corrected for background and decay, and the counts were then converted to concentration (nM) based on the specific activity of the dosing solution. The densities of all tissues were assumed to be 1 g/ml.
Noncompartmental pharmacokinetic analysis (NCA)
The mean areas under the plasma or tissue concentrationtime curves (AUC 0-10 days ), and the associated standard deviations, were calculated for each mAb using the NCA for sparse samples module in WinNonlin 6.1 (Phoenix, Pharsight Corporation, Palo Alto, CA). The sparse sampling module calculates the standard deviation associated with AUC 0-10 days using a modified Bailer method [29, 30] . Plasma clearance (CL p ) and volume of distribution at steady-state (V ss ) were also determined using NCA. 
Mathematical modeling
Model structure A PBPK model evaluating the influence of the neonatal Fc receptor (FcRn) on plasma and organ disposition of mAbs and the influence of CEA on the target-mediated elimination of T84.66 was previously developed [23] . The intent of this work is to evaluate the utility of the model in predicting mAb pharmacokinetics in plasma, tumors, and in other tissues, using the published model structure, and incorporating literature-reported values for physiological parameters that are known determinants of the TMD of antibodies. These determinants include: antibody-target binding affinity, target expression levels, rates of internalization of mAb-target complexes, plasma and lymphatic flow rates, and the tumor vascular volume. A schematic diagram of the PBPK model structure is shown in Fig. 1 . The model structure includes compartments to represent the lung, gastrointestinal tract (GI), spleen, liver, heart, kidney, muscle, skin, lymph nodes, and tumor. Each organ was divided into vascular, endothelial, and interstitial spaces (Fig. 1b ). An additional cellular subcompartment was included in the tumor compartment, as described previously, to account for antibody interaction with cellular antigens (Fig. 1c) [23] . In each tissue, the mAb enters the tissue vascular space by plasma flow rate to that organ (Q) and exits by a reduced flow (Q-L) based on the lymphatic flow associated that organ (L). In the vascular space, the mAb is sieved through vascular pores into the interstitial sub-compartment, via convection, as dictated by lymph flow and the vascular reflection coefficient. Unbound mAb in the interstitial space is sieved out of the organ by convection, based on lymphatic flow rate and on the lymphatic reflection coefficient (r L organ ). Unbound mAb in the interstitial space is also allowed to enter the endosomal sub-compartment by a linear rate process (representing fluid-phase endocytosis). Plasma flow rates into non-tumor tissues, organ volumes, organ clearances, reflection coefficients, and FcRn-related transport parameters were obtained from a previously published PBPK model [23] . Parameters that were used in the model are defined in Tables 5, 6 , 7 in Appendix 1, and the equations for the model are provided in Appendix 2.
Tumor compartment parameters and assumptions
The published PBPK model was shown to be most sensitive to tumor-related parameters [23] , including the tumor vasculature reflection coefficient (r V tumor ), tumor plasma flow rate (Q tumor ), tumor lymph flow rate (L tumor ), the fraction of accessible antigens (FA), antigen concentration ([CEA]), antibody-antigen equilibrium dissociation constant (K d ), and the antibody-antigen internalization rate constant (k int ). A literature survey was conducted to obtain in vitro or in vivo estimates of these key parameters. Plasma flow rate was set based on an estimated value in LS174T tumors using the 86 Rb uptake method [20] , with adjustment for the tumor weights observed over the study period. Reported values for the tumor lymph flow rates ranged from 0.07 to 10 % of blood flow to tumor [20, 31] . Given the high variability in literature reported values of the tumor lymph flow rate, we fixed L tumor to 4 % of the tumor plasma flow rate, as assumed previously [23] . The mean literature reported values, and the associated standard deviations, for binding affinity, tumor antigen concentrations, and tumor vasculature reflection coefficients are summarized in Table 1 .
CEA concentrations in LS174T and HT29 tumors were based on measurements in excised xenograft tumors or in cells grown in culture. The CEA concentration in different LS174T or HT29 preparations varied substantially in reports from different groups, and this variability may be related to heterogeneity in antigen expression and to assay variability [17, 21, [32] [33] [34] [35] [36] [37] [38] . The fraction of accessible antigens in xenograft tumors was fixed to 0.203 [23] . The mean CEA concentration in LS174T tumors was *tenfold higher than the mean CEA concentration in HT29 tumors (1,520 vs. 159 nM) ( Table 1) .
The rate of mAb-CEA internalization (k int ) was based on in vitro measurements of the internalization of CEA or mAb-CEA complexes in CEA expressing cell lines. Endocytosis half-life has been reported to be in the range of 10-16 h in LS174T spheroids [11] , and 11-17 h in other CEA expressing cell lines [11] . This internalization rate is consistent with values reported for cell-surface CEA turnover (15 h) [11, 17] .
Values for the equilibrium T84.66-CEA dissociation constant (K CEA d tumor ) were obtained via a variety of binding analysis methods, such as surface plasmon resonance [39] , and cell binding assays with the use of radiolabeled and nonradiolabeled detection methods [40] . 8C2, the anti-topotecan mAb, was assumed to show no specific binding for CEA. LS174T vascular volume was assumed to be 7 % of total tumor volume [20] , and HT29 vascular volume was set to 2 % of total tumor volume [41] . Tumor growth rates were determined from the observed tumor growth, with characterization with a simple exponential growth function.
For anti-VEGF-treated LS174T-tumors, the tumor vascular volume was reduced by 65 % [42] , and plasma and lymphatic flow rates were reduced by 50 % [43] . The tumor vascular permeability coefficient was ''normalized'' to 0.95, the value used for non-tumor tissues in the model. Anti-VEGF treatment was assumed to have no effect on Black bars represent the predicted T84.66 AUC 0-10 days in plasma, LS174T tumors, and other tissues. Error bars represent the standard deviation around the mean (n = 1,000 subjects). Gray Bars represent the observed mean T84.66 AUC 0-10 days in plasma, tumor and other tissues. Sub groups of three mice were sacrificed at several time points (t = 1 h-10 days), AUCs were calculated using NCA for sparse sampling module (WinNonlin 6.1). Error bars represent the standard deviations around the mean calculated using a modified Bailer method Fig. 4 Comparison of PBPK model-predicted and observed T84.66 concentration data in mice bearing LS174T xenografts. Shaded areas represents the PBPK modelpredicted 90 % confidence intervals (n = 1,000 subjects); dashed lines represent the predicted 5th, 50th and 95th percentiles. Filled circles depict the observed concentrations from individual mice. Shown curves represent T84.66 PK after intravenous injection at a 1 mg/kg, b 10 mg/kg, and c 25 mg/kg to LS174T-xenograft bearing SCID mice CEA expression, internalization, or on CEA-mAb binding.
PBPK model simulations
Simulations were conducted using ADAPT 5 Version 5.0.42 (University of Southern California, BMSR, CA) to predict plasma, tumor, and tissue concentrations of mAb. The mean parameter estimate and the variance (SD 2 ) were used to simulate mAb concentrations, assuming log-normal distributions for each parameter. Simulations predicted mAb concentration versus time data for the following: (i) T84.66 administered to LS174T xenograft-bearing SCID mice at 1, 10, and 25 mg/kg, (ii) T84.66 mAb administered to HT29 xenograft-bearing SCID mice at 0.025, 0.1, 1, 10, and 25 mg/kg, (iii) 8C2 mAb administered to LS174T-bearing SCID mice at 1 and 10 mg/kg, and (iv) T84.66 mAb administered at 10 mg/kg to LS174T xenograft mice that had been treated with anti-VEGF mAb [28] . For each treatment group, at each dose level, 1,000 virtual animals were simulated up to 10 days post dosing.
PBPK model evaluation
The population median, 5th, and 95th percentiles of mAb concentrations in plasma, tumors, and other tissues were calculated. The mean population AUC 0-10 days (± SD) values for each tissue were also predicted by the model. Observed in vivo data of antibody plasma and tissue concentrations were compared to the prediction interval for each tissue. Additionally, mean plasma clearance values, plasma AUCs, and tissue AUCs were calculated from observed antibody concentration data and compared to model-predicted clearance and AUCs. Correlation between model predicted and observed median plasma concentrations was tested.
Results

T84.66 and 8C2 plasma pharmacokinetics
As summarized in Table 2 and depicted in Fig. 2, T84 .66 exhibited rapid, nonlinear elimination in mice with CEAexpressing tumors. For comparison of disposition across the different groups of mice, pharmacokinetic parameters (V ss , CL) were determined via non-compartmental, moment analyses. It is important to note that the pharmacokinetics of T84.66 are likely to be inconsistent with two important assumptions of moment analysis (i.e., the assumptions of linear pharmacokinetics and the assumption that all T84.66 elimination occurs from sites that are in rapid equilibrium with plasma). Consequently, estimated values for plasma clearance should be interpreted as concentration-and time-averaged values, and estimates of V ss should be viewed with caution. T84.66 clearance, as estimated by moment analyses, was fourfold to 12.7-fold higher in LS174T-bearing mice compared to values observed for non-tumor bearing mice over the dose range of 1-25 mg/kg. Elimination of T84.66 was 1.8-2.8-fold faster in HT29-tumor-bearing mice compared to values in non-tumor bearing mice at 1-25 mg/kg. Evaluation of the dose normalized profiles (Fig. 2 ) of T84.66 in control and HT29-SCID mice suggests linear disposition over the 1-25 mg/kg dose range. However, nonlinear elimination was observed for T84.66 in LS174T-SCID mice. To further evaluate T84.66 disposition in HT29 tumor-bearing mice, additional investigations were conducted using doses of 0.025 and 0.1 mg/kg. At these doses, T84.66 was eliminated very rapidly, revealing a significant dosedependency in clearance (Fig. 2) . The plasma pharmacokinetics of 8C2 were assessed in LS174T-bearing SCID mice at 1 and 25 mg/kg. 8C2 exhibited bi-exponential disposition kinetics, with slower elimination relative to T84.66 (Table 2 ). 8C2 disposition showed more rapid clearance at 1 mg/kg (19.7 ml/day/kg) than at 25 mg/kg (10.6 ml/day/kg).
Tumor disposition T84.66 and 8C2 uptake into tumors increased with increasing dose, with highest uptake observed at 25 mg/kg. At each dose level, T84.66 tumor concentrations were higher in LS174T versus HT29 tumors, consistent with the higher antigen expression on LS174T cells. Following administration of mAb at 25 mg/kg, T84.66 AUC 0-10 days was 3,610 ± 145 in LS174T and 1,765 ± 149 (nM 9 day) in HT29 tumors, while 8C2 AUC 0-10 days was 2,565 ± 122 (nM 9 day) in LS174T tumors. The ratios of tumor to plasma AUC 0-10 days , for all groups, are summarized in Table 3 .
PBPK model simulations and evaluation T84.66 pharmacokinetics in LS174T xenograft-bearing SCID mice
The PBPK model was used to simulate plasma, tumor, and tissue concentrations of T84.66 and 8C2. Comparison of model predictions and observed T84.66 concentrations in plasma and tissues of LS174T-bearing mice are shown in Figs. 3 and 4. PBPK model-predicted AUCs at each dose were comparable to observed AUCs in all tissues (Fig. 3) , and Table 4 presents a comparison of model-predicted and observed values of CL. The observed T84.66 concentration-time profiles and the model-predicted population median and associated 90 % prediction intervals for LS174T-bearing mice are depicted in Fig. 4 . As shown in the figure, T84.66 concentrations in plasma and other tissues are in good agreement with model predictions. At all investigated doses, the 90 % prediction intervals were relatively narrow at early time points, and the windows widened with time after dosing, reflecting the influence of variability in the primary determinants of mAb elimination. At higher dose levels (e.g., 25 mg/kg), where non-linear processes show a greater degree of saturation, the variability in the predicted profiles was less profound.
T84.66 mAb PK in HT29 xenograft-bearing SCID mice (Table 4) .
8C2 mAb PK in LS174T-bearing SCID mice
Unexpectedly, 8C2 demonstrated dose-dependent pharmacokinetics in the LS174T tumor model, with more rapid elimination at 1 versus 25 mg/kg. The relatively rapid elimination of 8C2 at 1 mg/kg was not predicted by the model (Figs. 7, 8) . Interestingly, the observed clearance of 8C2, 19.7 ml/day/kg at 1 mg/kg and 10.6 ml/day/kg at 25 mg/kg, exceeded the observed clearance of T84.66 in control mice (6.2 and 6.6 ml/day/kg at 1 and 25 mg/kg) ( Table 2 ). The observed rapid distribution of 8C2 in GI and heart, and the slower distribution in muscle and skin, were not well-predicted by the model. Nonetheless, the model captured 8C2 uptake and elimination in tumors fairly well, and observed tumor concentrations of 8C2 were within the 90 % confidence interval at all investigated time points.
T84.66 PK in anti-VEGF treated LS174T xenograftbearing SCID mice
In general, model predictions were in very good agreement with observed data (Figs. 9, 10 ). Reducing blood and lymphatic flow to the tumor, and reducing tumor vascular volume, led to predictions for decreased tumor uptake of T84.66 in the tumor, and the model predicted T84.66 plasma and tissues concentration versus time profiles quite well.
There was a high correlation between the predicted population median concentrations and the observed median plasma concentration. The correlation coefficient (r 2 ) value of 0.927 indicates good agreement between model predicted values and observed data, at all-time points, and for all simulation scenarios.
Discussion
This study evaluated the ability of a PBPK model to predict the plasma, tumor, and tissue concentration versus time profiles for monoclonal antibodies, with or without specific tumor binding, in mouse models. Experimental work was conducted with two different Fig. 7 Comparison of PBPK model-predicted and observed 8C2 AUC values in LS174T xenograft-bearing SCID mice. Black bars depict the mean population predicted 8C2 AUC 0-10 days in plasma, LS174T tumors, and in other tissues. Error bars represent the standard deviation around the mean (n = 1,000 subjects). Gray bars represent the mean 8C2 AUC 0-10 days in plasma, tumor, and other tissues. Sub groups of three mice were sacrificed at several time points (t = 1 h-10 days). Error bars represent the standard deviations around the mean, calculated using a modified Bailer method Fig. 8 Comparison of PBPK model-predicted and observed 8C2 plasma and tissue concentration versus time profiles in LS174T xenograftbearing SCID mice. The shaded area represents the PBPK model-predicted confidence interval (n = 1,000 subjects), and dashed lines represent the predicted 5th, 50th and 95th percentiles. Filled circles represent the observed concentrations from individual mice. Curves depict 8C2 concentration versus time data after intravenous injection of a 1 mg/kg, and b 25 mg/kg into LS174T-xenograft bearing SCID mice monoclonal antibodies (8C2 and T84.66), in two tumor models (LS174T and HT29) and in non-tumor bearing control mice, with co-administration of bevacizumab (to modulate tumor vascularization and blood flow), and at doses ranging from 0.025 to 25 mg/kg. Under these conditions, time-averaged estimates for plasma clearance of the mAb ranged from 5.5 to 220 ml/day/kg and timeaveraged tumor-to-plasma exposure ratios ranged from 0.18 to 1.33. The simulation work employed a previously published PBPK model, which had been shown to allow accurate characterization of the dose-dependent plasma pharmacokinetics of an anti-carcinoembryonic antigen antibody, T84.66, in mice bearing LS174T xenografts [23] . For this study, literature reports were reviewed to obtain, or to allow derivation of, key parameters associated with the TMD of mAb, including antigen density for two different tumor models, antibody-antigen internalization rate constants, antibody-antigen affinity, tumor vascular reflection coefficients, and tumor blood flow rates. In general, the model provided very good, a priori predictions of mAb exposure in plasma, tumor, and in non-tumor tissues. Discussed below are the main assumptions of the model and of the parameter estimates, followed by discussion of the results and the implications of this work. In several instances, the literature data used to estimate model parameters were associated with substantial uncertainty, and some simplifying assumptions were made. For example, reflection coefficients have not been directly measured for healthy tissues or for tumor samples. Literature reports indicate that tumor vessels are leakier in comparison to other organs, hence r V tumor is anticipated to be smaller than the reflection coefficient that has been assumed for healthy organs (0.95). Reported values for the reflection coefficient in tumor blood vessels have been based on model fittings or from investigations conducted in vitro [23, 44] . Based on the reported values, which are viewed with relatively low confidence, a mean value of 0.734 ± 0.189 (25 % variability) was used in this work. For animals treated with bevacizumab, r V tumor was assumed to ''normalize'' to 0.95. This normalization is consistent with the role played by VEGF in tumor vascular permeability [45] , and with reports that indicate that the tumor vasculature is less permeable following treatment with anti-VEGF [46, 47] . Lymphatic capillaries, including tumor lymphatic capillaries, are expected to be quite porous and, consequently, the reflection coefficient for lymph capillaries was set at 0.2, as used in prior publications [22, 23, 26] . As a result of the structure of our model, which is consistent with the majority of models that describe convective transport of macromolecules in tissues [20] [21] [22] [23] [24] [25] [26] , mass transfer by convection is relatively insensitive to changes in the lymphatic reflection coefficient (i.e., as mass transfer is dependent on L 9 [1-r] 9 C, and when r is small, relatively large changes are required to influence mass transfer rates). Due to expectations for low sensitivity to the lymphatic reflection coefficient, and due to a lack of experimentally determined values, the lymphatic reflection coefficient was assumed to be the same in tumors and in healthy tissues.
Vastly different values for the lymphatic flow rate in tumors have been reported, ranging from 0.07 to 10.2 % of tumor plasma flow rate [20, 31] . Given the large variability in this value, and to minimize the impact of uncertainty in lymph flow rates in the population simulations, we assumed a median value of 4 % of plasma flow, as applied previously [23] . The poorly controlled growth of solid tumors is expected to lead to a decrease in tissue compliance and, potentially, to a collapse of lymphatic vessels within tumors [48] . This then leads to increased hydrostatic pressure in the tumor interstitial space, and to decreases in the rate of fluid entry into the tumor interstitial space. Dramatic reduction in the rate of lymph flow from tumors (L) may occur, resulting in substantial decreases in the mass transfer of macromolecules via convection (L 9 [1-r] 9 C). The increased porosity of blood capillaries, in combination with decreased rates of lymph flow, is thought to be responsible for the ''enhanced permeability and retention effect'' for macromolecules within solid tumors [49] . The present PBPK model assumes that lymph flow is a fixed fraction of plasma Fig. 9 Comparison of PBPK model-predicted and observed AUCs in plasma and tissues in anti-VEGF treated, LS174T xenograft-bearing mice. Black bars represent the mean population predicted T84.66 AUC 0-10 days in plasma, LS174T tumors, and in other tissues. Error bars represent the standard deviation around the mean (n = 1,000 subjects). Gray bars represent the mean T84.66 AUC 0-10 days in plasma, tumor, and other tissues. Sub groups of three mice were sacrificed at several time points (t = 1 h-10 days), and AUCs were calculated using NCA with WinNonlin 6.1. Error bars represent the standard deviations around the mean, as calculated with a modified Bailer method Fig. 10 Comparison of PBPK model-predicted and observed T84.66 plasma and tissues concentration versus time profiles in anti-VEGF treated LS174T xenograft-bearing SCID mice The shaded area represents the PBPK modelpredicted 90 % confidence interval (n = 1,000 subjects), and dashed lines depict the predicted 5th, 50th and 95th percentiles. Filled circles represent the observed concentrations from individual mice. Plots show T84.66 concentration versus time data following intravenous injection (10 mg/kg) into anti-VEGF treated LS174T xenograftbearing SCID mice flow, independent of tumor size. This assumption may be valid for relatively small tumors, such as those evaluated in this study. However, it is important to note that the simple structure of our PBPK model may be inappropriate for predicting mAb distribution within large tumors, where there is an increased likelihood for dramatic changes in tumor hydrostatic pressure gradients and lymph flow.
Tumor growth rate was expressed as exponential function of time over the study period, where the total tumor volume at any time point was defined as: V total tumor ðLS174TÞ ¼ V tumor ð0Þ Â expð0:0000808 Â time min Þ, for LS174T tumors, and V total tumor ðHT29Þ ¼ V tumor ð0Þ Â expð0:0000671 Â time min Þ for HT29 tumors. In these equations, V total tumor and V tumor ð0Þ represent the total and initial tumor volumes. The LS174T growth rate in the current investigation was similar to, but slightly faster than, the value reported previously for LS174T tumors (8.08 9 10 -5 vs. 6.35 9 10 -5 /min) [23] . Plasma flow rate to tumors was based on the reported value of 0.212 ml/min/g tumor for LS174T tumors [20] . Initial efforts to model tumor blood flow as a function of tumor volume led to convergence problems with the software. As such, tumor blood flow and lymph flow rates were modeled as time-invariant constants. The plasma flow rate, 0.18 ml/min, was based on a tumor size of 0.85 g, which is close to the average tumor volume observed in this work. Of note, the largest tumor size observed in our in vivo studies was *2 g for LS174T and *1.3 g for HT29 tumors.
For anti-VEGF treated tumors, we assumed a 50 % reduction in plasma flow rate to tumor (0.087 ml/min). This assumption was based on our previous observation of *50 % reduction in tumor permeability to Evans blue dye [28] , and the observations of 50 % reduction in blood flow by Pastuskovas and coworkers in anti-VEGF treated ovarian cancer xenografts [43] . Anti-VEGF treated tumor growth rate was expressed as The plasma flow rate to the lung was calculated as:
where Q i is plasma flow rate and L i is lymph flow rate to organ i. The lung flow rate was reduced from 4.24 to 4.15 ml/min after reducing the plasma flow rate to anti-VEGF treated tumors. The assumed minimal effect of bevacizumab on total plasma flow is consistent with a prior report that demonstrated that anti-VEGF treatment does not lead to alterations in the plasma flow rate to non-tumor tissues [50] . CEA plasma concentrations were not measured in this study. In prior work, CEA plasma concentration in LS174T-bearing mice was found to be less than 0.01 nM [23] , which is 100,000-fold lower than the reported mean antigen concentration for LS174T tumors. Hence, the present model assumed that there is no significant shedding of antigen into plasma.
The variability (%CV) associated with literature reported T84.66-CEA equilibrium dissociation constants was 54.5 % ( Table 1 ). The relatively high variability for this estimate is likely related to the use of different methods for assessment of binding affinity (e.g., surface plasmon resonance technology, [39] or cell binding assays [40] ). Given the known impact of K d on the terminal elimination profile for drugs demonstrating TMD [51] , it is likely that uncertainty in K d is a contributing factor to the simulated uncertainty in terminal portions of the predicted concentration versus time profiles.
Another important determinant of mAb TMD is the expression level of the target antigen (CEA). The tumor cell lines selected for this work, T84.66 and HT29, differ substantially in CEA expression, and this is consistent with the observed pharmacokinetic data. Following administration of doses of 1-25 mg/kg, T84.66 pharmacokinetics were highly dose-dependent in animals bearing LS174T tumors (Fig. 2) , which demonstrate high expression of CEA. Interestingly, the disposition of T84.66 showed little dose-dependency over the dose range of 1-25 mg/kg in HT-29 xenograft bearing mice, where plasma clearance was 16.1, 15.8 and 12 ml/day/kg, and dose-normalized AUC 0-10 days values were 234 ± 20.9, 315 ± 18.1, and 286 ± 25 nM 9 day/mg at 1, 10, and 25 mg/kg. This apparent linear, dose-independent pharmacokinetic behavior is consistent with saturation of TMD at much lower doses in HT29 tumor-bearing mice relative to LS174T tumor-bearing mice. To further investigate the possible non-linear pharmacokinetics of T84.66 in mice with HT29 tumors, two additional dose-levels were investigated: 0.025 and 0.1 mg/kg. Again, consistent with TMD mediated by low level antigen expression, clearance was found to be substantially increased (220 and 130 ml/ day/kg).
The PBPK model well described the differences in the pharmacokinetics of T84.66 in the two different tumors. However, the model under-predicted LS174T tumor concentrations at late time-points. This under-prediction may be consistent with a time-dependency in T84.66 elimination from LS174T, perhaps indicating slow turnover of CEA following internalization of T84.66-CEA complexes. This hypothesis will require evaluation in future work.
Excellent agreement was observed between populationpredicted median plasma concentration-time profiles and observed T84.66 data for HT29 tumor-bearing mice, at 1, 10 and 25 mg/kg (Fig. 6c, d, e) . T84.66 observed plasma concentrations at 0.025 and 0.1 mg/kg were below the median population prediction (Fig. 6a, b) . Additionally, the population prediction interval and the standard deviation associated with predicted mean AUC values were very large at the 0.025 and 0.1 mg/kg dose levels (Fig. 5) . This relationship between confidence windows and dose is expected, as the simulation assumes that the primary factors impacting variability in mAb disposition are determinants of TMD. At low doses, TMD pathways are not saturated, and small differences in TMD determinants (e.g., CEA expression level, blood flow, lymph flow) lead to large effects on mAb disposition. At high mAb doses, TMD pathways are more completely saturated, and this minimizes the impact of variability in determinants of TMD. The over-prediction of T84.66 concentrations in plasma, tumor, and other tissues at low doses in HT29 xenograft-bearing mice is likely indicative of model misspecification.
Although not yet experimentally investigated, we hypothesize that the very high rate observed for T84.66 clearance (220 ml/day/kg) relates to low levels of shed CEA in plasma, and rapid elimination of soluble CEA-T84.66 complexes. This type of mAb elimination is a form of TMD, where T84.66 binding to soluble CEA mediates T84.66 elimination. However, elimination of T84.66 in complex with shed CEA removes the dependence of T84.66 TMD on tumor blood and lymph flow, thus allowing the rate of TMD clearance to exceed the maximal rate of convective uptake of mAb into the tumor interstitial space (note: L tumor Â ð1 À r V tumor Þ = 110 ml/ day/kg).
The model predicted the tumor uptake of 8C2 at 1 and 25 mg/kg very well. However, the observed rapid elimination of 8C2 from plasma and non-tumor tissues at 1 mg/ kg was not captured by the model. The rapid elimination may be related to non-specific interactions of 8C2 that were not accounted for in the model. Formation of anti-8C2 antibodies may also explain the increased elimination observed for 8C2; however, this possibility is deemed unlikely, as the investigations have been performed in immune compromised mice, after a single intravenous dose, with short-term collection of samples. These conditions suggest that anti-drug antibody development is quite unlikely.
The model also provided very good prediction of the effects of bevacizumab treatment on T84.66 plasma, tissue, and tumor disposition. Prior work from our group and others has shown that bevacizumab treatment does not affect the plasma and non-tumor tissue pharmacokinetics of mAb; however, significant effects are observed on mAb distribution to tumor tissues (presumably due to bevacizumab effects on neovascularization in tumors, tumor blood flow, and tumor capillary permeability) [46] .
The model predicted mAb concentrations in nontumor tissues quite well. In most of the tested scenarios, the predicted concentrations were within the 90 % prediction interval. The model under predicted concentrations at early time points in tissues such as GI, heart and lung, and over predicted the early concentrations in muscle and skin. This deviation is likely related to assumptions inherent within the present model for identical values of the vascular reflection coefficient in all non-tumor tissues (0.95), and for consistent rates of fluid phase endocytosis of antibody in all tissues. Additional experimental and modeling work will be required to identify tissue-specific values relating to drivers of convective transport of mAb (e.g., lymph flow rates, r tissue ), to evaluate whether this will allow improved prediction of mAb disposition.
In summary, this work evaluated several putative determinants of the disposition of monoclonal antibodies in mouse models of cancer, including antibody dose, target expression, mAb-target internalization rates, and antibody specificity for tumor antigens. Additionally, the impact of these factors on the plasma, tissue, and tumor pharmacokinetics was predicted via simulation with a PBPK model, through the use of parameter estimates derived from previously published work. The model provided very good prediction of the observed data for two different mAb, in two tumor models, with or without prior bevacizumab therapy. As such, our results indicate that PBPK modeling has potential for prediction of tumor and tissue concentration versus time data, which are typically inaccessible in preclinical and clinical evaluations of mAb disposition. It is anticipated that further development of mAb PBPK models, coupled with improved experimental methods to characterize target expression and dynamics, will allow accurate, a priori prediction of mAb plasma and tissue disposition in experimental models and, eventually, in humans. 
Appendix 2
Model equations
2. Lung 2.1. Vascular space
2.2. Endothelial space 
3. Liver 3.1. Vascular space
3.2. Endothelial space 
7.
For each organ, the fu i to organ FcRn in the endosomal space was described as follow: 
8.
Total antibody concentration was calculated as follow
For tumor compartment total tumor volume was defined using an exponential growth function, which represents the sum of all sub-compartments 
